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Studies performed on model systems using pyrolysis—GC-MS analysis and 13C-labeled sugars and
amino acids in addition to ascorbic acid have indicated that certain amino acids such as serine and
cysteine can degrade and produce acetaldehyde and glycolaldehyde that can undergo aldol
condensation to produce furan after cyclization and dehydration steps. Other amino acids such as
aspartic acid, threonine, and o-alanine can degrade and produce only acetaldehyde and thus need
sugars as a source of glycolaldehyde to generate furan. On the other hand, monosaccharides are
also known to undergo degradation to produce both acetaldehyde and glycolaldehyde; however,
13C-labeling studies have revealed that hexoses in general will mainly degrade into the following
aldotetrose derivatives to produce the parent furan—aldotetrose itself, incorporating the C3—C4—
C5—C6 carbon chain of glucose (70%); 2-deoxy-3-ketoaldotetrose; incorporating the C1-C2—-C3—
C4 carbon chain of glucose (15%); and 2-deoxyaldotetrose, incorporating the C2—C3—C4—C5 carbon
chain of glucose (15%). Furthermore, it was also proposed that under nonoxidative conditions of
pyrolysis, ascorbic acid can generate the 2-deoxyaldotetrose moiety, a direct precursor of the parent
furan. In addition, 4-hydroxy-2-butenal—a known decomposition product of lipid peroxidation—was
proposed as a precursor of furan originating from polyunsaturated fatty acids. Among the model
systems studied, ascorbic acid had the highest potential to produce furan, followed by glycolaldehyde/
alanine > erythrose > ribose/serine > sucrose/serine > fructose/serine > glucose/cysteine.

KEYWORDS: Monosaccharides; serine; cysteine; alanine; ascorbic acid; 4-hydroxy-2-butenal; lipid
peroxidation; mechanisms of formation of furan; 13C-labeled glucose and serine; Py-GC-MS analysis

INTRODUCTION fatty acids (PUFA). The latter finding, however, should not come
as a surprise because a furan derivative, 5-pentylfuran, has
already been detected in oxidized soybean Bjland is used
currently as a chemical marker for rancidity. The origin of
5-pentylfuran was linked to the formation of 4-hydroxy-2-
|nonenal (4-HNE) by Sayre et aB) when they observed the
formation of the furan upon refluxing ethanolic solution of
4-HNE under acidic conditions. This observation was later
confirmed by Erdelmeier et al9). Recent studies found a

it was only recently that a more comprehensive study was significant correlation between 5-pentylfuran concentrations with

performed by the FDA using larger number of food samples, the time of oxidation of olive oil 10).
which found furan levels ranging up t0100 ppb. In general, the oxidative degradation of PUFAs and the
According to Magag) the primary source of furans in food formation of lipid peroxides are known to play a major role in
is thermal degradation of carbohydrates such as glucose, lactosdhe development of both degenerative diseases in biological
and fructose. According to the FDA, a variety of carbohydrate/ Systems11) and off-flavors and rancidity in food systemt).
amino acid mixtures or protein model systems (e.g., alanine, Lipid hydroperoxides can be formed from PUFA nonenzymati-
cysteine, casein) and vitamins (ascorbic acid, dehydroascorbiccally by reactive oxygen species or enzymatically by lipoxy-
acid, thiamin) have been used to generate furans in food.genases. Subsequent homolytic cleavages of PUFA hydroper-
Furthermore, Health Canadd) feported the formation of furan ~ oxides, catalyzed by transition metal ions, result in the formation
from ascorbic acid and from the oxidation of polyunsaturated Of 2-alkenals, 4-oxo-2-alkenals, and 4-hydroxy-2-alkenls (
(seeFigure 1). Highly cytotoxic 4-hydroxy-2-alkenals such as

* Corresponding author [telephone (514) 398-7918; fax (514) 398-7977; 4-HNE are capable of the modification of proteins, DNA, and
e-mail varoujan.yaylayan@mcgill.ca]. low-density lipoprotein (LDL).

Recently, researchers at the U.S. Food and Drug Administra-
tion (1) have identified the parent compound furan in a number
of foods that undergo thermal treatment, especially canned and
jarred foods. Furan is a volatile and colorless liquid and is
classified as a possible human carcinogen by the Internationa
Agency for Research on Cancer (IARQ).(Although the parent
furan had previously been reported in various foods such as
coffee, canned meat, baked bread, and cooked chidkeB)(
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PUFA MATERIALS AND METHODS

All reagents and chemicals were purchased from Aldrich Chemical
/ l N Co. (Milwaukee, WI) and used without further purification. The labeled
[*3C-1]serine (99 atom %){C-2]serine, and*fC-3]serine (99 atom
/ l . %) and the labelea-[1-13C]glucose (99 atom %)p-[2-1*C]glucose
(99 atom %), ana-[6-°C]glucose were also purchased from Aldrich
_ H o _ . HO _ H Chemical Cob-[3-3C]Glucose (99 atom %}-[4-3C]glucose (99 atom
RW Y—Y m %), andb-[5-13C]glucose (99 atom %) were purchased from Cambridge
0 R o R o Isotope Laboratories (Andover, MA).

Pyrolysis—GC-MS Analysis.Mechanistic Studiell Py-GC-MS
analyses were performed using a Hewlett-Packard 5890 series Il GC
R=pentyl ~4-oxo-2-nonenal 4-hydroxy-2-nonenal fitted with a 5971B MS (Hewlett-Packard, Palo Alto, CA) and a CDS

Pyroprobe 2000 interface (CDS Analytical Inc., Oxford, PA). Single

2-alkenal 4-0x0-2-alkenal 4-hydroxy-2-alkenal

l compounds or binary mixtures afglucose/ amino acid (1:1 molar
“HO _ ratio, total 2 mg), except for labeling studies performed wiijucose/
R= pentyl /@ _ D\ L-serine (1:3 molar ratio, total 2 mg), were introduced inside a quartz
2-pentylfuran R R o tube (0.3 mm thickness), plugged with quartz wool and inserted into
O O the coil probe. The pyroprobe was set at 280at a heating rate of 50
Figure 1. Summary of different reactive aldehydes formed from oxidative °C/s with a total heating time of 20 s. The pyroprobe interface was set
decomposition of polyunsaturated fatty acids (PUFA). at 250°C. The samples were introduced in splitless mode and analyzed

under a constant He flow of 1.34 mL/min, the pressure being regulated

. . . . y an electronic pressure controller (Hewlett-Packard). The capillary
On the basis of the above discussion, it can be proposed thatlchirect MS interface temperature was 180; the ion source was 280

the parent fgran, similar to 5-pentylfuran, could b(? formed from °C. The ionization voltage was 70 eV and the electron multiplier, 2047
corresponding 4-hydroxy-2-butendld) through cyclizationand v The MS scanned masses fram'z 17 to 500 at 1.5 scans/s; the
formation of 2,5-dihydro-2-furanol and subsequent dehydration column temperature (PLOT-Q capillary column from Hewlett-Packard,
as proposed irrigure 2. Ironically, this process converts the Mississagua, ON) was held at 4G for 2 min, then increased to 100
more toxic 4-hydroxy-2-alkenals into less toxic and more °C ata rate of 30C/min, and further increased to 25Q at a rate of
volatile furan derivatives. At present, there are no specific 10°C/min and kept at 25€C for 10 min. Compounds were tentatively
mechanisms proposed that can explain the formation of the '4entified by comparing their mass spectra with those of Wiley and

.~ NIST mass spectral databases. The identity and purity of the chro-
parent furan from other sources such as carbohydrates and aming.iographic peaks were determined using NIST AMDIS version 2.1
acids. In this study we provide evidence for the mechanism of goftware.

formation of the parent furan from amino acids, sugars, amino  Efficiency of Furan FormationSingle compounds (mol) listed

acid/sugar mixtures, and ascorbic acid. in Table 1 were mixed with silica gel (1 mg) except ascorbic acid
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Figure 2. Proposed mechanism of lipid peroxidation and subsequent formation of furan.
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Table 1. Relative Efficiency of Furan Formation Expressed as Area
Count of Furan per Mole of Starting Material Generated from Different
Model Systems at 250 °C

rel efficiency x

model system 1010 (area/mol)
L-ascorbic acid 140
dehydroascorbic acid? 78
dehydroascorbic acid® 47
p-erythrose 32
dehydroascorbic acid 8
p-ribose 7
D-sucrose 5
D-glucose 4
p-fructose 4
L-serine 1
L-cysteine 0.5
L-threonine 0
L-aspartic acid 0
L-alanine 0
L-glycine 0
p-ribose/serine 28
D-sucrose/serine 24
p-fructose/serine 16
D-glucose/cysteine 15
D-glucose/serine 11
D-glucose/alanine 10
D-glucose/L-aspartic acid 9
D-glucose/formate sodium 9
D-glucose/L-threonine 5
D-glucose/glycine 5
p-erythrose/L-serine 3
glycolaldehyde®/L-alanine 65
glycolaldehyde®/L-serine 9
acetaldehydeglycolaldehyde® 7
acetaldehyde?/L-serine 0.5
L-serine/L-alanine 0.4

Perez Locas and Yaylayan

(reacted without silica gel) and were pyrolyzed as indicated above at
250 °C unless otherwise specified. All pyrolyzed model systems
contained 7tmol of each reagent indicated except in the case of sodium
formate, which was 1@mol. The reported formation efficiency values
are the average of duplicate analyses and are rounded off, with no more
than 6% relative error in reproducibility.

RESULTS AND DISCUSSION

Numerous derivatives of the parent compound furan such as
5-methylfurfural, furanmethanol, 2-acetylfuran, 2-methyldihy-
dro-3(2H)-furanone, and 4-hydroxy-2,5-dimethyl-Bj2fura-
none have been characterized in Maillard model systems and
their mechanisms of formation identified usidéC-labeled
sugars (13,14). In these studies, the parent furan was not
detected because the common gas chromatographic columns
employed during such studies were more polar DB-5 type
columns rather than the required less polar columns such as
PLOT that are able to retain gaseous and nonpolar compounds
such as the parent furan. Although we had previously analyzed
serine (15) and cysteine (16) model systems on a PLOT-Q
column and observed the formation of the parent furan, we have
not reported its formation mechanism. In this study, we
investigated in detalil the formation of furan from different sugars
and amino acid model systems, including ascorbic acid, using
Py-GC-MS. Table 1 summarizes the efficiency of different
model systems to produce furan under identical conditions
expressed as furan peak area per mole of starting material, and
Figure 3 summarizes the general pathways leading to furan
formation starting from carbohydrates and amino acids, and
including PUFA.

Furan Formation through Amino Acid Degradation.
Previous studiesl@) using a PLOT-Q column have indicated

a Pyrolysis temperature = 350 °C. %Pyrolysis temperature = 300 °C. ¢ From
glycolaldehyde dimer.  From acetaldehyde diethyl acetal.

Figure 3.
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the formation of the parent furan in model systems containing
serine and cysteine, even in the absence of reducing sugars
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Figure 4. Mechanistic pathways of formation of acetaldehyde and glycolaldehyde (precursors of furan) from different amino acids based on labeling
studies. Numbers indicate original amino acid carbon atom locations.

Table 2. Percent Label Distribution in the Parent Furan Generated Table 3. Percent Label Distribution in the Parent Furan Generated
from Labeled L-Serine from Labeled L-Serine and Unlabeled p-Glucose (3:1 Molar Ratio)
model M M+1 M+2 M+3 M+4 model M M+1 M+2 M+3 M+4
serine 100 0 0 0 0 serine 100 0 0 0 0
[1-13C]serine 100 0 0 0 0 [1-13C]serine/glucose 100 0 0 0 0
[2-13C]serine 0 0 100 0 0 [2-13C]serine/glucose 70 0 30 0 0
[3-13C]serine 0 0 100 0 0 [3-13C]serine/glucose 70 0 30 0 0
[2-13C]serine/glucose 80 5 15 0 0
[3-13C]serine/glucose 80 5 15 0 0

(unpublished data). To determine the mechanism of formation
of furan from these amino acids, serine independently labeled
at C-1, C-2, and C-3 was pyrolyzed and the label incorporation Similar pathways can be envisaged for cysteine. Other amino
in the parent furan was calculated. The results are givéalie acids that can contribute to the formation of furan are aspartic
2. According to this table, two of the four carbon atoms of furan acid,o-alanine, and threonine; however, these amino acids can
originated from C-2 atoms of serine, and the remaining two generate only acetaldehyde and need reducing sugars to produce
carbon atoms originated from C-3 atoms of serine. No incor- glycolaldehyde. The amino acid-alanine, for example, does
poration of the C-1 atom of serine was detected. These not produce furan alone; however, in the presence of glycola-
observations are consistent with the proposed aldol condensatioridehyde or a glycolaldehyde source such as glucose, it can
mechanism (se€igure 3) between an acetaldehyde and a generate furan (se€able 1). Acetaldehyde can be generated
glycolaldehyde moiety originating from serine and eventual from a-alanine through Strecker reaction, amélanine in turn
formation of furan through an aldotetrose intermediate. Previous can be generated from aspartic acid through decarboxylation
studies (14,15, 17) have also confirmed the formation of reaction (se€igure 4). Threonine, on the other hand, has been
acetaldehyde and glycolaldehyde incorporating the C-2 and C-3shown (17) to produce acetaldehyde and hence can generate
atoms of serine and cysteine, and their mechanism of formationfuran in the presence of sugars as confirmedable 1.

is summarized ifrigure 4. According to this figure, serine can Furan Formation through Carbohydrate Degradation. To
decarboxylate and produce ethanolamine, which in turn can loseidentify possible pathways of formation of furan from carbo-

a molecule of ammonia and form acetaldehyde (pathway A). hydrates, Py-GC-MS analysis of serine/glucose model system
Alternatively, it can undergo dehydration and deamination was used due to the availability of independently labeled serine
reactions and form pyruvic acid, which in turn decarboxylates and glucose at all of their carbon atom locations (Bakles 3

to form acetaldehyde (pathway B). Glycolaldehyde can be and4). Inspection of the data ifable 3 indicated that in the
formed through the interaction of pyruvic acid with ethanol- model system where excess labeled serine was reacted with
amine, followed by isomerization of the imine and hydrolysis unlabeled glucose, 70% of the furan originated from glucose
(pathway CFigure 4). However, in the presence of sugars, it carbon atoms and 30% from serine carbon atoms. This conclu-
can also be formed through a Strecker reaction (pathway D). sion was further confirmed when excess unlabeled serine was
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Figure 5. Mechanistic pathways of formation of the parent furan from hexoses, pentoses, and tetroses based on labeling studies. DKG = 2,3-diketogulonic
acid; RA = retro-aldol cleavage; [O] = oxidation; [H] = reduction; numbers indicate original p-glucose carbon atom locations. Percent distribution
reported takes into consideration the presence of 30% unlabeled furan originating from L-serine.

reacted with [U'3C]glucose (sedable 4). Furthermore, inspec-  pathway (50%) of glucose degradation (pathway A or B) that
tion of Table 3 revealed that when glucose was in excess, 5% leads to furan formation incorporated the C3—C4—C5—-C6
of the furan formed was singly labeled, indicating a minor carbon atoms of glucose, 10% incorporated the-C2—C3—
contribution of carbohydrate degradations to thetOC, aldol C4 carbon atoms of glucose (pathway C), and another 10%
condensation pathway shownkigure 3. In addition, analysis incorporated the C2—C3—C4—C5 carbon atoms of glucose
of the percent label incorporation pattefirable 4) has indicated (pathway D).

that there are four pathways (A, B, C, and DRigure 5) of Proposed Pathway from Hexose Sugarfeducing hexoses
sugar degradation that can lead to the formation of aldotetroseare known {8) to undergo Maillard reaction in the presence of
derivatives that can eventually cyclize to form furan as depicted amino acids and generate reactive intermediates such as
in Figure 5. In the glucose/excess serine model system and asl-deoxy- and 3-deoxyosones (pathways A and D) shown in
indicated above, 30% of the furan originated from serine and Figure 5. These intermediates are also known to be formed in
the remaining 70% was generated from glucose. The major the absence of amino acids (such as pathway B), however, to a
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Figure 6. Proposed mechanism of conversion of 3-furanone into furan
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Table 4. Percent Label Distribution in the Parent Furan Generated
from Unlabeled L-Serine and Labeled p-Glucose (3:1 Molar Ratio)

model M M+1 M+2 M+3 M+4
serine/glucose 100 0 0 0 0
serine/[1-13C]glucose 90 10 0 0 0
serine/[2-13C]glucose 80 20 0 0 0
serine/[3-1C]glucose 30 70 0 0 0
serine/[4-13C]glucose 30 70 0 0 0
serine/[5-13C]glucose 40 60 0 0 0
serine/[6-13C]glucose 50 50 0 0 0
serine/[U-1°C]glucose 30 0 0 0 70

through further reduction and dehydration reactions Fsgare
6). Reductions in sugar/amino acid mixtures can be effected
by formic acid—a major sugar degradation produd6j—or
through a transamination reaction as showRigure 6. Table
1 also indicates that addition of sodium formate to glucose
doubles the amount of furan formation, confirming the above
hypothesis. The second pathway that incorporates theQ2t

lesser extent. The major pathway of furan formation (pathway C3—C4 carbon atoms of glucose into furan can originate from
A) can be initiated by the formation of 1-deoxyosone in the glucose after a dehydration reaction (Figure 5, pathway C)
presence of amino acids or through a retro-aldol cleavage followed by a retro-aldol cleavage to form 2-deoxy-3-ketoal-
(pathway B). Both pathways lead to the formation of an dotetrose. The latter intermediate can cyclize after a dehydration
aldotetrose sugar moiety such as erythrose. The 1-deoxyosonestep to produce 3-furanone, similar to pathway A or B. The

however, needs to underga-dicarbonyl cleavage 18) to

third pathway Figure 5, pathway D) that incorporates the €2

produce the same intermediate. The resulting aldotetrose moietyC3—C4—C5 carbon atoms of glucose into furan can arise

that contains the C3C4—C5—C6 carbon atoms of glucose can

througho-dicarbonyl cleavage of the 3-deoxyosone intermediate

undergo dehydration reactions and can produce both 3-furanonéollowed by oxidation of the terminal primary hydroxyl group
and 2(3H)-furanone. Only the former can be converted into furan into the carboxylic acid moiety. This intermediate can lose the
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Table 5. Percent Label Distribution in 2(5H)-Furanone Generated from
Unlabeled L-Serine and Labeled p-Glucose (3:1 Molar Ratio)

model M M+1 M+2 M+3 M+4
serine/glucose 100 0 0 0 0
serine/[1-13C]glucose 100 0 0 0 0
serine/[2-13C]glucose 100 0 0 0 0
serine/[3-13C]glucose 0 100 0 0 0
serine/[4-13C]glucose 0 100 0 0 0
serine/[5-13C]glucose 0 100 0 0 0
serine/[6-13C]glucose 0 100 0 0 0
serine/[U-1°C]glucose 0 0 0 0 100

C-6 carbon through decarboxylation to generate 2-deoxyaldot-
etrose, which can be easily converted into furan as shown in

Figure 5. The observation that 2(§-furanone incorporates only

the C3—C4—C5—C6 carbon atoms of glucose (3able 5)

provides further evidence to the above proposed pathways.
Proposed Pathway from Pentose Sugarfentose sugars

such as ribose can also generate the parent furan, but more so

in the presence of amino acids (Sesble 1). Similar to hexoses,

pentoses can be converted into their 3-deoxyosone derivatives
(18) either through amino acid reaction or through dehydration

at the C-3 hydroxyl group. The resulting intermediate can
undergoa-dicarbonyl cleavage to produce 2-deoxyaldotetrose,
a direct precursor of furan as shownhkigure 5. The increase

Perez Locas and Yaylayan
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(DKG). A pathway to furan can be envisaged from DKG
througha-dicarbonyl cleavage after decarboxylation and gen-
eration of the same aldotetrose moiety as hexose sugars (see
Figure 5). Although, under mainly nonoxidative pyrolytic
conditions, ascorbic acid cannot undergo oxidation to produce
DKG, instead, it can hydrolyze and underg@limination Q1) (16)
followed by decarboxylation to produce 3-deoxypentosulose
(DP) and encounter the ribose pathway of decomposition to
generate furan as shown iRigures 5 and 7. Unlike the
aldotetrose intermediate, the 2-deoxyaldotetrose does not require (17)
a reduction step and directly produces the parent furan.
Therefore, under nonoxidative conditions, ascorbic acid is a
more efficient source of furan than dehydroascorbic acid (see
Table 1). This order may be reversed under oxidative degrada-
tion conditions. Furthermore, under dry-heating conditions,
dehydroascorbic acid can cyclize and exist mainly in its
hemiketal form, thus preventing the formation of furan as shown
in Figure 7. Due to the unavailability of labeled ascorbic acid,
we could not confirm the proposed pathways of formation of
furan from ascorbic acid as shown Figures 5and 7. An
alternative pathway could be envisaged from aldol condensation using tristimulus calorimetry and a quantitative HPLC assay.
of acetaldehyde and glycolaldehyde, similar to the pathway Talanta1999,48(3), 595—606.

originating from amino acids (see Figure 3). These intermediates (21) Niemeld, K. Oxidative and non-oxidative alkali-catalysed deg-
are proposed to be formed from the thermal degradation of radation ofL-ascorbic acidJ. Chromatogr.1987,399, 235~

ascorbic acid at 186C (22). 243.
(22) Vernin, G.; Chakib, S.; Rogacheva, S.; Obretenov, T. D;
Parkanyi, C. Thermal decomposition of ascorbic aCarbohydr.
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